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ABSTRACT Many of these techniques feature injection of air into the tip

Experiments that demonstrate the use of endwall recirculation region of compressor rotors, since high pressure air is readily
to control the stall of transonic compressor stages are describedavailable from compressor bleeds.

Endwall recirculation of a compressor stage is implemented by

bleeding air from the casing downstream of a stator blade row Weigl [1] and Spakovszky [2,3] demonstrated successful
and injecting the air as a wall jet upstream of a preceding rotor control of stall in a single stage transonic compressor using
blade row. The bleed ports, injection ports, and recirculation feedback control of wall jet injectors located upstream of the
channels are circumferentially discrete, and occupy only 20- rotor. They used inputs derived from high-response pressure
30% of the circumference. The development of compact wall- transducers located upstream of the rotor to control long
jet injectors is described first. Next, the results of proof-of- wavelength, modal disturbances for clean, radially distorted,
concept steady recirculation tests on a single-stage transonicand circumferentially distorted inlet flows through a
compressor are presented. Finally, the potential for using combination of steady injection and controlled unsteady
endwall recirculation to increase the stability of transonic injection. Suder [4] used the same test hardware to study the
highly-loaded multistage compressors is demonstrated throughimpact of jet injection velocity and injector arrangement around
results from a rig test of simulated recirculation driving both a the circumference. The injection air for all of these efforts was
steady injected flow and an unsteady injected flow commanded supplied by an ambient temperature air source external to the
by closed-loop active control during compressor operation at compressor. Suder found that maintaining choked flow in the
78-100% of design speed. In this test air from an external injectors yielded the greatest stability increase and also found
source was injected upstream of several rotor blade rows whilethat the number of injectors and the total injected flow could be
compressor bleed was increased by an amount equivalent to theeduced relative to that used in [1-3] with no loss in stability
injected massflow. During closed loop control, wall static enhancement. These results are significant because in an
pressure fluctuations were monitored and the injected flow rate engine implementation injected air would be supplied by
was controlled to reduce the stalling mass flow. The use of compressor bleed and the efficiency penalty associated with
wall jet injection to study the dynamics of transonic compressor increased bleed makes any reduction in the amount of injected
stages is also discussed. air required to achieve stall control desirable.

INTRODUCTION As a first step toward stall control of multistage compressors,
Adequate stability is an important feature of any compressor Day et al. [5] performed a careful study of stall inception in
design. The desire to reduce compressor size, weight, andfour high-speed multistage compressors and found that each
complexity by reducing the number of stages and eliminating compressor displayed different routes to stall. In addition to the
variable vanes leads to higher loading per stage and morelong- and short-wavelength disturbances first identified by Day
severe matching problems. For these reasons, there has been[@], they found high-frequency disturbances (10 to 13 times
fairly constant activity over the last decade devoted to the earlyrotor frequency), shaft order perturbations, and near-
detection of compressor instability and to the development of instantaneous (in less than one rotor revolution) flow field
active and passive techniques aimed at increasing stability.breakdown as additional paths to stall. These complexities
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made the prospects of active control or correativetrol prior
to stall seem rather poor for multistage compresssor

Despite these findings, two research teams haeenpted
compressor stall control on aeroengine compresgerseman,
et al. [7] reported on stall control efforts foVdPER engine
using both steady and controlled recirculation. e TWPER
engine is a single-spool turbojet with an 8-stagmgressor of
5.25 pressure ratio. Air was recirculated from fingrth stage
to the inlet, from the exit to the inlet, and frahe exit to the
fourth stage stator. When recirculating from méltth front,
8% of inlet massflow was used. When recirculafimgm exit
to inlet, 5% of inlet massflow was used. The resirdicated
that controlled recirculation was more effectivarhsteady
bleed at controlling stall. Leinhos, et al. [8]rfoemed stall
control studies on the low-pressure compressortafirzspool
turbofan engine using injected air from an extes@lrce as
well as bleed from the high-pressure compressohe Bw-
pressure compressor consisted of two stages withessure
ratio of 2.28. A doubling of the surge margin was
demonstrated when injecting 5% of the design pwiassflow
from an external source.

The focus of the present investigation is to dertrates
stall control using minimum amounts of recirculatad on a
technology development multistage compressor ojperet
loading levels beyond those used in commercial rairc
engines (and well beyond the loading levels ofdtmpressors
used by Freeman and Leinhos). The first phaséefwork
involves the design of compact injectors that &rehf with the
endwall and fit within the axial gap between thatets and
rotors of a multistage compressor. The secondepim®lves
proof-of-concept evaluation of these injectors asirgyle stage
transonic compressor using both an external airceoand air
recirculated from the exit of the stage. The fiplahse involves
assessment of the recirculation concept on the istade
compressor operating between 78% and 100% of degiged.
In this test air from an external source was stgadjected
upstream of several rotor blade rows while commresdeed
was increased by an amount equivalent to the imject
massflow. Feedback control of jet injection, usitg high-
speed actuators employed by Weigl [1] and Spakov§2)3],
was also used to study the compressor dynamicscaretiuce
the amount of injected flow required for stabiltygmentation.
Recirculation of hot bleed air was not attemptedalee the
high-speed actuators were only capable of operatisity
ambient-temperature injected air.

SINGLE STAGE COMPRESSOR TESTS
Research Compressor

A transonic compressor stage was used for developme
testing of endwall flow recirculation. The stagestésl,
designated NASA stage 35, has 36 rotor blades, tdtors
blades, a rotor inlet tip radius of 25.4 cm, a hipbradius ratio
of 0.70, a rotor aspect ratio of 1.19, and a rdipisolidity of
1.3. The compressor was designed for axial intew,fland the
inlet relative Mach number is 1.48 at the tip asige speed.
The rotor tip clearance at design speed is 0.5 mhich is
0.86% of tip chord. The compressor aerodynamicgteand
blade coordinates were reported by Reid and Md@jre [

Overall compressor performance measurements are
reported in terms of total-to-static pressure rdtimsed on
casing static pressures measured at 12 points cGrooe
annulus downstream of the stator. Inlet massflownéasured
with a calibrated orifice plate located far upstneaf the
compressor inlet plenum. Both the inlet massflow tie
compressor and the injector massflow are corretttexfandard
day conditions. The sum of these corrected massflewthe
total massflow rate at the rotor face. Measuremenertainties
calculated from an analysis of measurement erraes a
massflow 0.11 kg/sec and pressuré Mm% No attempt was
made to measure compressor efficiency with injechecause
the flow exiting the stage is circumferentially rRoniform and
exit flow conditions were measured with only twe@gsure and
two temperature rakes.

The injector exit velocity is calculated using tgteessure
and temperature measured within the injector andtagic
pressure measured on the compressor casing juseamsof
the rotor leading edge. Injector massflow is calted by
assuming a uniform velocity across the injectot exeéa (slug
flow). A survey of the injector exit flow distribiain performed
with the injector coupled to a compressed air souwrerified
that the discharge coefficient for the injectonézar unity.

Compressor stability is typically assessed usingll st
margin, defined as either: 1) the change in massfand
pressure rise between the operating line and tdkliste at a
fixed rotational speed; or 2) the change in pressise between
the operating line and the stall line at a fixedssdlow.
However, an isolated stage in a compressor rig dess not
have an operating line. We therefore choose tontifya
changes in stability as the normalized change aflirsg flow
coefficient,

AQstan = (@stan)b - (@stan))/ (Pstas »

where ()b is the stalling flow coefficient for the baseline
(no-injection) case. Note that this parameter enittal to the
percentage change in the corrected stalling flde aathe rotor
face since

Q= VX/Ut = m/(pAaUt) ,

where A, is the annulus arean is the sum of the annulus and
injector massflow rates (corrected to standard-ctayditions),
p is the density at standard-day conditions andisUthe

corrected tip speed.

Injector Development
The injectors used by Suder et al. [4] and Leindtosl. [8]

were located approximately two rotor chords upstred the
rotor leading edge and protruded into the flow p&Bluch
injectors are not suitable for use in multistagenpressors,
where the spacing between blade rows is typicafhaetion of
a rotor chord. Therefore the first phase of thespnt effort
focused on the design of compact injectors capatfle
generating a wall jet along the compressor casing.
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Figure 1 (A) CFD predictions of the wall jet flowfrom an
angled slot injector flowing into a two-dimensionalduct.
(B) CFD predictions of the wall jet flow from a coada
injector flowing into a two-dimensional duct.

The first injector style evaluated featured an adgslot,
set at a shallow pitch angle relative to the cgsamgshown in
Figure la. The injector throat is located at thjedtor exit, as
shown in the figure. Also shown is a 3D Navieri&t®
prediction of the absolute Mach number on an asdlal
plane located at the injector centerline. The igeds choked
in this simulation and is discharging into a twoadnsional
duct that is also flowing at a Mach number of ofie. correctly
predict the penetration of the injector flow inteetduct flow,
the duct width was set to be much wider in thewirferential
direction than the width of the injector. The injarc throat
height is equivalent to six times the height ofgital rotor tip
clearance gap. This choice of throat height igrary, but was
chosen based on the earlier experience of Sudar Bt]. The
axial location that would be occupied by the rdeading edge
plane if this injector were installed in a multggacompressor
is also shown. The predicted flow field indicatbe presence
of a small separation just upstream of where therrieading
edge would be, followed by a larger region of igkly low
momentum flow with a radial extent of 3-5 times tio¢or tip

clearance. Since the design goal for the injeddoiincrease
the axial momentum near the rotor tip, we conclutlest a
slot-type injector was not a viable design.

The second injector design we evaluated featured a

downstream injector half with a circular arc thattangent to
the flowpath, as shown in Figure 1b. This injeadesign is
based on the coanda effect, wherein the statispregradient
across the curved streamlines within the injectorke to keep
the flow attached to the flowpath wall downstreain tloe

injector. The predicted Mach number along the dige
centerline plane is also shown in Figure 1b. Tdamsulation

result is for a choked injector flowing into a twianensional
duct with a freestream Mach number of 0.5, whichirsilar to

the axial Mach number found in the inlet stagesnmfdern
multistage compressors. The injector throat heighbnce
again equivalent to six rotor tip clearance gapmlhisi. The
axial location that would be occupied by the rotbrthis

injector were installed in a multistage compress®ing is also
shown, along with a typical tip clearance. Thedpmted flow

field features a wall jet with high axial velocity the region
that would be occupied by the rotor blade tip. Nbt the wall
jet thickness is approximately equal to the injettwoat height
and that little or no mixing takes place in theeatnwise region
that would be occupied by the rotor. Based onrissilt, a set
of coanda injectors was fabricated for evaluatioithe NASA-

Glenn single-stage axial compressor facility.

In order to capitalize on hardware used by Sudet.44],
we considered only injectors that had the samehwidtthe
circumferential direction as those used by Sudgach injector
covered 3.5% of the circumference. The injectosse &atured
throat heights comparable to those used by Sudg&rmad an
injector aspect ratiow/h, on the order of 18, whete is the
injector throat height and is the injector width. This high
aspect ratio ensures that the flow leaving theciojeis two-
dimensional across much of the injector opening.FDC
simulations of the type shown in Figure 1 also ¢atké that
interaction between the annulus flow and the ig@dlow at
the edges of the injector generates streamwiseaciprthat
tends to lift the injected flow away from the waklhich is an
undesired result. The impact of this effect onedpr
performance is reduced when the aspect ratio ofnjeetor is
large.

Since recirculated air is expensive from a thernmaahyic
cycle point of view, it is desirable to achieve bslity
augmentation with a minimum amount of recirculaééd To
this end, an optimization study of the injectorotitr width and
the number of injectors was performed to deterntigeimpact
of these parameters on compressor stability. Tjeetiors were
supplied with air at ambient temperature from anemal
source for these tests. The results of the opgitiaiz study,
performed at rotor design speed, are shown in Eigur

Figure 2a presents stability augmentation as atiumof
injected massflow. The abscissa is the total iegcflow
normalized by the annulus flow at the baseline ifjeetion)
stall point, while the ordinate is the normalizddllgng flow
coefficient described above. The data shown inkbke for
full-height injectors, with a throat width equal #% of the
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Figure 2 Change in stalling flow coefficient at deign speed
due to tip injection. Black symbols, full height ijectors; red
symbols, half-height injectors. (A) Stalling flowcoefficient
change as a function of injected massflow. (B) Skiag flow
coefficient change as a function of circumferentidy mass-
averaged axial velocity at the rotor tip.

rotor blade span (6 times the rotor tip clearanc&he data
shown in red were obtained with an injector thiogight equal
to half of the full-height value. The maximum icijed flow
shown for each configuration is the flow for whitte injectors
are first choked, i.e. the absolute Mach numbamity at the
injector throat. The injector exit static pressunatches the
static pressure in the compressor flowpath forctaje total
pressures below the choking pressure. When thetamjeotal
pressure is raised beyond this level, the staiésgure within
the injector rises above that in the compressavgdhth, which
will cause the injected jet to expand once it lesathe injector.
To avoid this condition we arbitrarily set the iaitinjector
choke point as the upper limit for injector opesatiThe results
shown in Figure 2a indicate that:

1) Maximum stability enhancement increases almost
linearly with the amount of the circumference ceaer
by the injectors. Six injectors provide 21%
circumferential coverage in the present case.

2) Stability enhancement does not scale with injected
massflow or momentum. The half-height injectors
yield the same increase in stability as the fulghe
injectors, even though they generate only half ashm
massflow and momentum.

The key to stability enhancement is shown in Figkipe
The abscissa of this plot is the circumferentialigss-averaged
axial velocity at the rotor leading edge, normaliby the rotor
tip speed. From Suder et al. [4], the mass-averameal
velocity is defined as

Sl weve)e oo -new
© o la(N*wEV )+ p (D - N*W)* V|

Y,

where N is the number of injectors, W is the inject
circumferential width, and D is the annulus diamet ,.q 0,
are the injected flow velocity and density respesii at the
injector exit, and Y and g, are the annulus flow velocity and

density evaluated at a distancg2h(see Figure 1) from the
casing. Figure 2b indicates that, over the ranganctor
geometric parameters investigated here, the commres
stability increase correlates fairly well with thecrease in
mass-averaged axial velocity that results from itijection.
The mass-averaged axial velocity can thereforeskd to make
design decisions on injector count, injector cirfemantial
width, and injector throat height as a function iofected
massflow.

Recirculation Tests

In an installed compressor application, tip injestaould
be supplied by recirculating air that was bled fritva flowpath
downstream of the compressor. A “stage recircutdtgystem
was therefore designed for the NASA compressollitiadio
assess this concept. The system features a hleebthsated
downstream of the stator, connected by a “bridged toanda-
style injector located just upstream of the rots, shown in
Figure 3. The upper half of Figure 3 shows a nienial view
of the bridge flow path, while the lower half showasview
looking radially inward at the plane of the rotoidestator blade
tips. The bleed slot throat is four times widerrthbe injector
throat and the bridge channel heighy, is five times that of the
injector throat. These features, coupled with lHrge-radius
turns in the bridge channel, serve to reduce tbe flelocity
and total pressure loss within the recirculatiostem.

Based on the results shown in Figure 2, six rekitmg
bridges were installed on the compressor. Halteinjectors
were chosen in order to minimize the amount ofrcetated air
required to achieve a given degree of stabilityagsmlement.
Due to interference with existing hardware on tbenpressor
case, the bridges were not uniformly spaced in
circumferential direction, as shown in Figure 4isTimitation
is considered acceptable for purposes of this detretion
since a recirculation system installed on a prddoct
compressor would most likely also have non-unif@pacing
between injectors due to interferences with exjspiaripherals.
Non-uniform spacing also serves to reduce any aechamical
excitation of the rotors by the injected jets. B&inder [4] and

the
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Figure 3 Scale drawing of the recirculated flow ptn
through the single stage compressor. Green indiceg the
path of bleed air through the bridge; red indicatesthe path
of injected air through the stage.

Figure 4 Circumferential distribution of recircula ting
bridges on the compressor case, showing directioff imtor
rotation.

Freeman et al. [7] have shown that tip injectiostib effective
when the injectors have a non-uniform circumfe@rgpacing.
Suder in fact showed that, for a fixed number gédtors,
stability enhancement is independent of the cireueritial
spacing between injectors.

Compressor performance with the bridges installed i
compared to the baseline performance at 70% anéo160
design speed in Figure 5 for a clean, undistortéet iflow.
The stall line measured at speeds between 60% @d&h bf
design speed with and without recirculation is alsown. The
abscissa is the total flow at the rotor face cdeedo standard
day conditions, which is the sum of the inlet floveasured far
upstream and the recirculated flow. The baselm@pressor
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Figure 5 Single stage compressor pressure rise
characteristics with recirculation. Black — compressor
performance with no recirculation, Red — compressor
performance with recirculation.

performance was determined with the injectors Ikestabut
capped off at the outer surface of the casing. i&arl
measurements acquired with and without injectorstailed
indicated that there was no measurable differenne i
compressor performance or stalling flow due togresence of
the injectors when the injectors were not flowing.

Comparison of total pressure measurements madenwith
the bridge return channel and near the casing dosam of
the stator indicates that the bleed slot recoveosita30% of the
dynamic head in the annulus flow exiting the staGalculated
injector flow rates show that the flow through timgectors
increases as the rotor pressure rise increased) thi¢
maximum injected flow occurring at the stall pointhe total
flow through the injectors at 70% and 100% spedtieatowest
pressure rise points shown in Figure 5 is 0.3% @86 of
annulus flow respectively. At the stall point ttegal injected
flow is 0.9% of the annulus flow at both operatisigeeds.
With the recirculation activated, the change inllisig flow
coefficient isA@ = 6% at 70% of design speed, whil@, =
2% at design speed.

Since we are restricted to the use of ambient tesmtyes
air in the multistage compressor application désctibelow, it
is instructive to investigate the difference in eictor
performance when supplied by ambient-temperaturasiead
of warm recirculated air. To this end, the bridgesre
removed from the casing and a small plenum chamaer
placed over each injector and fed from an extesoatce with
air at the compressor inlet temperature. The t®sate
presented in Figure 6 for design speed. At thi gtént this
single stage generates just enough pressure risdoke the
injectors and the recirculation system is operatialg a

temperature ratio off, /T, = 1.31. Since the choke
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Figure 6 Comparison of injector performance at degn
speed when fed with inlet-temperature air and with
recirculated air at bleed temperature.

condition is the upper limit we set for injector espting
pressure, the results of Figure 6 verify that thé&eno
temperature effect on injector performance oves thinge of
injector operating pressures.

Due to the low pressure rise across the singleesaa@0%
speed, the injector Mach number generated usingcutated
air is only 0.63, which yields a 6% reduction ire thtalling
flow coefficient of the compressor. As shown imgiiie 7, the
results obtained with external air injection athHeg pressures
indicate that a much greater increase in stableatipg range
can be achieved with these injectors when theywrat higher
supply pressures. A 17% reduction in stalling floeefficient
could be expected when the injectors are chokedrefbre, in
a multistage application a significant increasepart-speed
stability could be achieved by feeding the injestdrom a
bleed located several stages downstream of thetamje

MULTISTAGE COMPRESSOR TESTS

Research Compressor

The multistage high-pressure compressor used &ssitlse
performance of endwall
aeroengine technology development compressor dmEbigo
replace a nine-stage production unit. The bladirgighs
employed the latest three-dimensional aerodynaritickjding
forward-swept rotors and bowed, swept stators.

The compressor was tested in a compressor rig that

included several features designed to model aneagioe
environment.
atmospheric inlet, and then passed through arsgttihamber
and a 10-strut inlet section that modeled the guadebetween
the low-pressure and high-pressure spools in tlegystion

recirculation was a six-stag

Flow entered the compressor through a

o external source
A recirculated flow

injector
choked]|

O 1 1 1 1 1 1
0.4 0.8 1.2 1.6

Injector flow (% of baseline stalling flow)

Figure 7 Stability increase as a function of injetor flow at
70% speed. Injector Mach number for recirculated fbw is
0.63.

engine. The inlet section also included a radiatodtion
screen that generated the pressure-only equivadénthe
pressure and temperature profiles expected from |oke
pressure compressor in the production engine. Tige
hardware included a diffuser downstream of the $&asge. A
volume that models the combustion chamber voluméhen
production engine was located between the diffaselr the rig
throttle valve to insure that the surge dynamicshef rig-test
compressor were similar to those that would be enered in
the production engine. Customer bleed and lowsres
turbine cooling bleed were taken off behind thedldtage. A
high-pressure turbine cooling bleed was taken effitd the
last rotor.

Massflow was measured by venturi flow meters latate
the inlet housing upstream of the settling chambdnlet
pressure and temperature were measured withinntae strut
section and corrected for strut loss to yield otted flow
conditions at the face of the inlet guide vane.it Egnditions
were measured by total pressure and temperatues takated
downstream of the diffuser. Capacitance probestéocaver
each rotor were used to monitor rotor tip clearar€asing
thermal growth was monitored during all injecti@sts and the
thermal management capabilities of the test rigewesed to
maintain a constant tip clearance. Nominal cleaan-chord
ratio over rotor 1, 3, and 5 was maintained at ©45.81%,
and 1.93% respectively at design speed.

The objective of the tests described below wassess to
what extent recirculation could augment the congoes
stability. Therefore, casing treatment that haeénbgresent
over rotors 4, 5, and 6 was removed prior to tret sof
recirculation tests and replaced by solid insestseiduce the
high-speed stall margin of the machine.

Injection System

It is well-known that stage matching changes wipocd
speed in a multistage compressor, with front stageing
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Figure 8 Schematic representation of simulated
recirculation in the multistage compressor. Custorar
bleed, CUS, is incremented by an amoumfCUS to account
for massflow Minjl injected into R1, and compressor
discharge bleed, CDP, is incremented by an amouniCDP
to account for massflows Minj3 + Minj5 injected int
Rotors 3 and 5.

loaded at part-speed conditions and rear stageg beaded at
high-speed conditions. In order to provide stapili
enhancement over a wide speed range, coanda-sjgletars
were installed upstream of rotors 1, 3, and 5. hEigjectors
covering 22% of the circumference were located repst of
rotor one, twelve injectors covering 23% of thecainference
were located upstream of rotor 3, and twelve igjectovering
5% of the circumference were located upstream odrr6.
Injectors upstream of rotors 1 and 3 were uniformpaced
around the circumference. Because of interferavite other
hardware on the casing, the rotor 5 injectors weteuniformly
spaced, but rather were located in two groupsjofnsth each
group covering approximately 9@ircumferentially. Because
of the small interstage spacing in the rear ofrttechine, the
rotor 5 injectors were actually located betweetostd airfoils.
All injectors on rotors 1 and 3 were controlled the same
high-speed valves and controller system used in atttéve
control experiments of Weigl [1] and Spakovszky8]2, These
injectors could therefore be operated in both adste and
unsteady-injection mode as described by Weigl
Spakovszky. In unsteady mode, the injectors wesed uto
explore the compressor dynamics and to attemptbfesd
controlled injection. Rotor 5 injectors were opethin stead-
injection mode only.

and

Because the high-speed valves in the injectioresystfor
rotors 1 and 3 were not rated for operation with leed air,
ambient-temperature air from an external source wszsl for
all injection. A separate air injection supply ciitc was
fabricated for each set of injectors (rotors ohege, and five).
The total flow injected into a given rotor was measl by a
venturi and was also calculated using pressure taps
thermocouples located in the injector bodies. Retition
within the compressor was simulated in the rig asws
schematically in Figure 8. Customer bleed was iwed by an
amount that matched the injected airflow into rotbr
Similarly, compressor discharge bleed flow was éased by
an amount that matched the flow injected into ®t®rand 5.
The physical bleed flow amounts were scaled topigsical

0.38
0.36
c
k=2
(7]
S
l;) -
~~
B Injected Flow Rates
034 Ho Injection =0 .
A R1,R3,R5=23,3.0,0% steady
¢ R1,R3,R5=34,4.1,0% steady
| * R1,R3,R5=35,4.0,1.3% steady -
X R1,R3,R5=23,3.0,0% active
032 1 1 1 1 1 1
0.34 0.36 0.38 0.40 0.44
r.nannulus/rndesign

Figure 9 Pressure vs. flow characteristics at 78%pged
with injection.

injected flow amounts by the factgi, I Tijeet » Which

matches the bleed and injection massflows on actad flow
basis. The results shown in Figures 6 and 7 indidaat
although we are using ambient-temperature air faplyuthe
injectors, we can expect the same impact on corspres
stability as would be achieved using heated aimfroue
recirculation.

The injection/bleed approach described above divitie
compressor into two “blocks”. The front block cimts of
stages 1-3 with injection on rotors 1 and 3 andausr bleed
taken just behind the front block. The rear blecksists of
stages 4-6 with injection on rotor 5 and bleed makehind
rotor 6. As will be discussed below, the true bénef the
recirculation modeled during the rig tests turned @ be the
ability to throttle the front and rear blocks inéegdently and
thereby improve the stage matching at any giveedpe

Steady Injection Results

The results of tip injection tests at 78% of desgeed are
shown in Figure 9. The abscissa is the annulws fieeasured
in the inlet strut section upstream of the compressrmalized
by the flow at the design speed operating point,

rnannulus/n]des'gn' while the ordinate is the total pressure ratio
normalized by the pressure ratio at the designdspgerating
point, 77/7T,g,,. The operating line derived during the

compressor design and the stall line determinech fro earlier
test of the compressor with no injectors instaitedlso shown.

In the single stage compressor tests describedealiovas
relatively straightforward to calculate a total mted inlet
flow at the rotor face that accounted for the suinthe rig
annulus flow and the injected flow. In the mulige machine,
due to the complexity of massflow addition througjectors at
a different pressure upstream of each injectedr fdofde row
and massflow extraction through bleeds at diffeqemgissures

7 Copyright © 2004 by ASME
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Figure 10 Pressure vs. flow characteristics at 97%peed
with and without injection.

and temperatures, no attempt is made to calculateta

corrected inlet flow to the compressor. Figure vehthat the
total flow (rig inlet flow + injected flow) at theotor face does
not change when injection is added to the compresdte

inlet flow therefore drops as injection is addedhe pressure
vs. flow characteristics shown in Figure 9 therefshow a shift
to lower flow with injection present because thessiflow

being plotted is the inlet flow into the rig.

Three different steady injection cases and onevecti

control case are shown in Figure 9. In the actiostol case
(data points shown in red), unsteady injection ingdemented
by using a control computer to command the positbrthe
high-speed valves that meter the flow to the ratand rotor 3
injectors.

The injected flow rates shown in the table withie figure
are normalized by the inlet flow measured at therating line
when no injection was present. The stall margin dach
injection configuration is summarized in the AppendThe
first two injection cases involve different amouwfsinjection
into rotors 1 and 3, with the injectors being clibkea the
second case. The third case involves injection iotor 5 as
well, with rotor 5 injectors choked. Note thathaligh one
would expect the front block of the compressor &ltaded
relative to the rear block at this speed, injeciito rotor 5 has
some impact on the stall point. This is one maratésn of the
fact that the injection is improving stage matchimighin the
compressor.

Analysis of the active control results will be praged in
the next section. However, it is worth noting hivat unsteady
injection is more effective than steady injectionthat, for the
same amount of injected flow, greater pressureisisehieved
with unsteady injection than with steady injection.

Injection results measured at 97% speed are shown i

Figure 10. Baseline data points on the operatimg and stall
line taken before installation of the injectors at®wn in the
figure as well as similar data points taken witlke ihjectors
installed but not flowing. Comparison of thesenpsiindicates

1.20 T T T T T T T
1151 Injected Flow Rates ]
H Baseline, no injectors
O Injection =0
51.10 H -
2 A R1,R3,R5=15,23,1.2%
g
~~
r 1.05 .
1.00 -
0.95
0.93 0.95 0.97 0.99 1.01
rnannulus / rndesgn

Figure 11 Pressure vs flow characteristics at 100%peed
with and without injection.

a flow shift along the operating line of approxielsit1% after
injector installation.  Since the compressor undasnwa
significant amount of running between measuremdnthe
baseline performance and the performance with tojecsome
of this shift may be due to deterioration of clemes within the
machine. However, this shift might also be dugumping of
the injector cavities by the passing of the rotosated just
downstream of each injector. Three injection cemes also
shown in the figure. In the first case, the injecabsolute
Mach numbers for rotors 1, 3, and 5 were approxéiyat.o,
0.6, and 0.8 respectively. In the second caseotioe 1 injector
total pressure was increased to 50% above the potsisure
required to choke the injector in order to drivereninjector
flow into rotor 1 and thereby unload the front tHoaf the
compressor. During these tests, it became appénahthigh
injector Mach number did not always provide the tbes
improvement in stability. The true benefit of the
injection/bleed approach was once again found ttheebility

to independently control the throttling of the ftomnd rear
blocks.

Injection results acquired at design speed are shiow
Figure 11. The injector flow rates chosen weres¢htinat gave
the best results at 97% speed. Injector Mach nisnlgo
rotors 1, 3, and 5 for the injection case shown Wwas0.8, and
1.0 respectively.

Based on the success of the injection system atasing
compressor stability in the high-speed portiontaf bperating
envelope, the ability of the system to recover istgbost due
to increased rotor tip clearance was assessed.ngUsie
thermal management capability of the test facilithe
clearance/chord ratio over rotors 1, 3, and 5 &b $peed was
increased as shown below:

Rotor 1 3 5
Nominal 0.49% 0.77% 2.04%
clearance/chord
Increased 0.58% 1.78% 3.61%
clearance/chord

8 Copyright © 2004 by ASME



Figure 13 shows casing static pressure data actoear
. stall. The abscissa is time measured in rotorlotioms before
stall and the ordinate is pressure in arbitrarysuriihe top two
- traces are from transducers located ahead of fotwhile the
bottom two traces are from transducers locateddabeeotor 3.
7 At 78% speed with no injection, a short-wavelength
disturbances or “spike” grows into stall at rotor Similarly,
rotor 3 shows a spike disturbance. Upon close oigpe of the
pressure traces, rotor 3 stalls 20 millisecondgr@pmately 4

0.96

T / ndesign
o
[N

Injected Flow Rates

nominal clearance \\\\ rotor revolutions) ahead of rotor 1 when no injectis present.
O Injection =0
0.881~| x R1,R3,R5 = 2.0,2.3,0.9% steady | \\ . .
open Comrance y \\ The compressor dynamics were next examined at 78%
|4 R1LR3R5=18,2.2,08% steady . speed with steady injection at rotors 1, 3, andrbFigure 14,
¢ R1,R3,R5=2.0, 2.2, 1.3% steady H
the pressure measurements show that modal distebaare
084 L L 1 L A 1 H
0.84 .86 0.89 0.90 0.92 present ahead of rotor 3 but no disturbances as=pt ahead

rr.lannul us/ rrheﬁign

Figure 12 Pressure vs. flow characteristics at 97%peed

A - ; Spike leads
with injection for increased rotor tip clearance.

to stall \ |
U —
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mwwwwmwwwwwmwww

WWWMWWWNWMWMMMMWWWM

The impact of tip injection on the pressure-flow
characteristics of the nominal and increased clesraases are
shown in Figure 12. The increased clearance exbit a loss
in pressure rise as would be expected. Howeverinjgetion
not only recovered the surge margin typically logtincreased
tip clearance, but also extended the stable operatange
beyond that of the baseline compressor. Thesétsendicate
that an endwall recirculation system is capableestoring the
stable operating range lost due to open rotorléprances that
arise as compressors deteriorate.

Normalized Static Pressure

-80 -60 -40 -20 0
Active Control Results Rotor Revolutions before Stall
Stall and surge dynamics were monitored using high- _ _

response pressure transducers. Eight transdueees located Figure 13 Static pressure disturbances upstream abtors 1
around the circumference upstream of rotors 1n#, &while and 3 at 78% speed with no injection.

four transducers were located upstream of rotors, 4nd 6.
These transducers were also used as inputs taape & and
stage 3 injector control systems during closed |a@mpive Spike leads

control. i
~ Modal to stall
disturbances

Two separate systems were used for data acquistion
control. A high-speed A/D system capable of 32 deén
acquisition was used at a sample rate of 10 KHzfidteded at
4 KHz with a 16 bit resolution. A separate PC-loasentrol
computer (originally described by Wiegl [1]) alsasvused to
digitize and resolve the data at a 2.5 KHz samptiag for

closed loop control application.

Compressor dynamics were investigated at 78% aftl 97 MWMWW
of design speed by acquiring pressure transdugealsi while I |
continuously throttling the compressor into stalithwand
without injection present. The purpose of this wase-fold: ) ) ) ) ) ) )
first, to visually identify the stalling stage dig compressor; .80 60 40 20 0
second to identify the stall dynamics of that stagd if they
changed during injection. Since controlled injestiwas Rotor Revolutions before Stall
installed at stages 1 and 3, we concentrated omtbemation
from these two stages only. The study at 78% speeshled

several behaviors from the casing static pressupstream of
rotor 1 and rotor 3.

Normalized Static Pressre

Figure 14 Static pressure disturbances upstream obtors 1
and 3 at 78% speed with steady injection into rotorsl, 3,
and 5.
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Spike leads
to stall

Rotor 1
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Normalized Static Pressure

Rotor 3
-80 -60 -40 -20 0

Rotor Revolutions before Stall

Figure 15 Static pressure disturbances upstream abtors 1
and 3 at 78% speed with feedback-controlled injectio into
rotor 3.

Modal-like disturbances

Normalized Static Pressure

Rotor 1
-100 -80 -60 -40 -20 0

Rotor Revolutions before Stall

Figure 16 Static pressure disturbances upstream abtors 1
and 3 at 97% speed with no injection.

of rotor 1. Again, rotor 3 stalls 20 milliseconiafore rotor 1.
The compressor characteristic for this data appgedfgyure 9.

From this information we see that rotor 3 appears t

control the stall at part speed condition, whetiremot injection

is applied. Further, steady injection makes thagest 3

dynamics more modal and more conducive to a liceatrol

scheme. Therefore, for this condition, we had gpootunity to

apply a wave-launching, closed loop, constant gaintrol.

This was applied only at rotor 3. The amplitude ahdse was
selected based on the amplitude of modal distugsaabead of
rotor 3 and from open-loop system identification rofating

stall frequencies.
sinusoidal disturbance to counteract the modal spak-
behavior at rotor 3.

The closed loop scheme launches

Acoustic disturbances

Rotor 1

A A A b
o WMD)

Rotor 3

Normalized Static Pressure

-100 -80 -60 -40 -20 0
Rotor Revolutions before Stall
Figure 17 Static pressure disturbances upstream obtors 1

and 3 at 97% speed with steady injection into rotorsl, 3,
and 5.

Reduced amplitude
disturbances

Rotor 1

AN

Rotor 3

Normalized Static Pressure

-100 -80 -60 -40 -20 0

Figure 18 Static pressure disturbances upstream obtors 1
and 3 at 97% speed with steady injection into rotoB.

In Figure 15 we examine 78% speed data with cdetiol
injection at rotor 3, (using this controller assfireported by
Weigl [1]). The rotor 1 pressures now have spilgtudbances
that completely rotate around the circumference kmadl to
stall. Rotor 1 is now controlling the stall and aotl stalls
before rotor 3. The compressor characteristic tfos case
shows a pressure rise above the injection configuraising
steady injection, but with a similar range extensio This
would indicate that the compressor now stalls dudyhamics
at rotor 1. This also shows that the dynamics aitmlled
injection provide a range extension equivalent sm@ steady
injection, but with a reduction in the injected méisw.

We also investigated pre-stall dynamics at a 97%edp
condition. At this speed, pre-stall pressure dgnshow
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unsteady “modal” disturbances ahead of rotor 3shasvn in

Figure 16. Upon further investigation, these modal

disturbances were not traveling and appear to lygesor
acoustic waves at a 48 Hz frequency, which is clas¢he
resonance frequency that would be expected forcauistic
disturbance with a wavelength equal to the lengtthe test rig
settling chamber. When steady injection is appigetbtors 1, 3
and 5, strong acoustic disturbances appear ahaatbo$ 1 and
3 as shown in Figure 17. Rotor 3 stalls aheadtufrrl, even
with steady injection present.

To identify the preferred stage for closed looptomnwe
examined a case of steady injection only at rotoiA3 shown
in Figure 18, the acoustic disturbances that waevglent
when injection was applied to rotors 1, 3, andé& raww lower
in amplitude than those shown in Figure 17. Itespp that
injection at rotor 3 can manipulate behavior fopioved active
control results, since our control scheme is basedlamping
modal disturbances. Therefore, active control abrrd was
performed while using steady injection at rotom8 &.

From the compressor characteristic in Figure 10isit
shown that simple, constant gain control, even7&t $peed, is
effective in changing the rotor 1 and rotor 3 dyi@mto
improve stability. Active control oscillates abaiimean open
flow condition, and uses less mass flow than steaj@gtion at
full open condition. This result is significant. céve control
reduced the customer bleed to feed the unsteadirotled
injection but achieved the same stalling mass ffowdition as
steady injection.

DISCUSSION

The stage recirculation system developed for timglei
stage compressor is similar in function to reciatinlgy rotor
casing treatments described by Koff [10] and Akhlagt al.
[11], but has several differences relative to strgatments.
First, the driving pressure for the flow recirceldtthrough a
casing treatment must be generated by the rotarwhieh the
casing treatment resides. Results from Suder. ¢4Jahnd the
present investigation indicate that tip injectismiost effective
when the injector is choked, which requires apprately a
two-to-one pressure ratio between the injector suppessure
and the static pressure upstream of the rotorTtis pressure
ratio may not be available across a single roter irothe rear
stages of a multistage compressor, and may also beot
available from any rotor at a part-speed operatiogdition.
However, the bridge design shown in Figure 3 caeiended
axially to connect an injector to a bleed locatet br more
stages downstream to insure a pressure differegiveebn the
bleed and injection locations that is capable abkafg the
injector under all compressor operating conditiolte second
difference in the stage recirculation system stéom placing
the bleed location downstream of the stator. Sitlce
compressor flow has been turned back to axial bystator, the
recirculating bridge is a simple axial connecticgtvibeen the
bleed and injection slots. In a recirulating cgdireatment, the
bleed flow is taken from the high-swirl region jukiwnstream
of the rotor, and de-swirl vanes are required hia teturn
channel over the rotor tip to turn the flow backatdal before
injecting into the rotor tip. The last differenae the stage
recirculation system results from the finite cirdenential

extent of the bleed and injection slots. As shamwthe lower
half of Figure 3, by properly choosing the circurefatial width
of these slots, the injected flow passes throughrttor only
once, and is not re-ingested by the bleed slot.cdmirast, a
recirculating casing treatment that covers the renti
circumference continuously re-ingests flow that leeady
been injected into the rotor, which can result meréased
casing temperatures over the rotor tip. For retateon across
a single stage, the current approach will genenates
temperature increase across the rotor tip thanciacutating
casing treatment. This advantage will be reducetenw
recirculating across multiple stages. In that catiee
temperature of the injected flow will be set by pressure ratio
across the bridge and the efficiency of the congmestages
located between the bleed and injection slots.

Based on the differences discussed above, Hathfl#dy
has recently designed a recirculating casing treatnthat
combines the recirculating features of Koff's des[@0] and
the discrete circumferential bleed and injectiontloé stage
recirculation system shown here.

CONCLUSIONS

Recirculation of endwall flow has been shown toviite
extension of the stable operating range of higledpaighly-
loaded compressors. A single stage transonic cesspr rig
was used for development testing of compact injsctioat do
not protrude into the compressor flowpath. Thewis also
used to evaluate the effects of injected air tewmipee on
stability augmentation. The single-stage resuétarty indicate
that recirculation extends the stable operatingeaof the stage
to lower corrected flows than can be achieved witho
recirculation.

A highly-loaded multistage compressor rig was thead
to study the effects of recirculation in a multgga
environment, using both steady and unsteady imjecinto
multiple rotor rows within the compressor. Reclation was
modeled in this rig through a combination of injentfrom an
external source and increased compressor bleeddividual
stage characteristics (not included herein) indi¢hat the stall
margin improvements obtained in this work resutieaie from
an improvement in matching between stages than feom
reduction in the stalling massflow of individualteo blade
rows. This leads us to conclude that a recircutasystem
must be carefully designed for a particular muaGE
compressor application. Such a design should denghe
throttling characteristics of each stage when deténg the
stage from which to take bleed flow for recircwatiand the
stage in which to re-inject the recirculated flow.

The following conclusions can be drawn from this
investigation:

« Compressor stability can be augmented when injgctin
flow over only a portion of the compressor
circumference. The key to effective stability
improvement is an increase in the circumferentiassa
averaged axial velocity at the rotor tip.
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* Injectors fed with air at the compressor inlet

temperature have the same effectiveness as thdse fe

from air that is bled from a downstream locatiorthin
compressor flowpath. Single stage testing veriftad
behavior across an injector pressure ratio rangeQ€

PRijector < 2.0, and across an injector temperature ratio

range of 1.0 < TRector < 1.30.

* Recirculation within a highly-loaded multistage

compressor provides an effective means of incrgasin

stability across a range of operating speeds. vilhail
stage characteristics indicate that recirculatinabdes
the ability to throttle individual stages relatite one
another, thus improving stage matching.

» Unsteady injection increases stability more thaady
injection and is capable of changing the unstearn
stall dynamics of a multistage compressor.
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APPENDIX

The following table summarizes the stability chamgehieved with injection on the multistage compoes Stall margin is
defined asSM = (M0 / Myay ) Ty / T006) =1, Wheremis massflow]t is total pressure ratio, and subscrigtine andstall refer

to conditions at the operating line and stall liaspectively for each injection configuration. rleach compressor operating speed,
the injection flow rate into each rotor is normatizby the inlet flow rate on the operating line thoe baseline (no injection) case.

Configuration | Rotor 1 Rotor 3 Rotor 5 Stall margin
78% speed
Baseling 0 0 0 18%
Steady injectior 2.3% 3.0% 0 25%
Steady injectior 3.4% 4.1% 0 26%
Steady injectior 3.5% 4.9% 1.3% 28%
Active control, unsteady injectign 2.3% 3.0% 0 26%
97% speed
Baseline, no injectors installed 0 0 0 13%
Baseline, injectors installed 0 0 0 12%
Steady injectior 1.4% 1.9% 0.9% 20%
Steady injectior 2.0% 2.3% 0.9% 21%
Active control, unsteady injectign 1.5% 2.0% 1.1% 21%
100% speed
Baseline, no injectors installed 0 0 0 10%
Baseline, injectors installed 0 0 0 12%
Steady injectior 1.5% 2.4% 1.2% 21%
97% speed open clearance
Nominal clearance 2.0% 2.3% 0.9% 21%
Open clearancg 1.8% 2.2% 0.8% 17%
Open clearancg 2.0% 2.2% 1.3% 16%
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